H ealing without scarring is essential to achieve complete repair of corneal function. One factor that is upregulated in both fibroblasts and epithelium after corneal wounding is connective tissue growth factor (CTGF; CCN2). 1, 2 Although it participates in the regulation of diverse biological processes related to growth and development, the overexpression of CTGF is correlated with severe fibrotic disorders, including fibrosis in skin, kidney, liver, lung, and vasculature (atherosclerosis), [3] [4] [5] [6] [7] and several forms of cancer in which it may contribute to tumor angiogenesis and anchorage-independent growth. 8 -10 CTGF was initially identified as a growth factor, then classified as a matricellular protein, and most recently appreciated as a matrix component. 3, 11 It is a member of the CCN (Cyr61, CTGF, Nov) family of secreted, cell surface, and extracellular matrix (ECM)-associated 35-to 40-kDa proteins. 3, 12 Early studies of cells in culture media with serum showed that CTGF is produced in response to transforming growth factor-␤ (TGF-␤) as an immediate early gene product. 12, 13 In the present study, we took advantage of the opportunity to perform in vitro studies with human corneal fibroblasts (HCFs) grown in the absence of serum to clarify the role of growth factors and matrix on CTGF secretion induced by TGF-␤. This was of special interest because during wound healing, the matrix composition changes from one that is initially collagen rich to a provisional matrix that is rich in fibronectin and vitronectin.
Experiments using enzymatic dissection of CTGF into its four distinct structural motifs/domains have yielded individual domains of CTGF whose application has helped resolve the source(s) of its great variety of effects in embryogenesis, implantation, angiogenesis, chondrogenesis, tumorigenesis, differentiation, and wound healing. 4, 14 Thus CTGF domains, individually and in combination, have been reported to be associated with the induction of cell proliferation, chemotaxis, cell adhesion, collagen synthesis, and myofibroblast differentiation. 3, 4, [15] [16] [17] [18] Although many of these studies have been performed using CTGF domains expressed in prokaryotic systems, the likelihood that individual domains have a physiological role is supported by the finding of bioactive cleaved forms of CTGF in situ 19 -22 ; in particular an N-terminal fragment of CTGF has been detected in the plasma of scleroderma patients. 23 We show here that the amount of CTGF secreted by HCFs in response to TGF-␤ is matrix dependent and that a novel 31-kDa form of CTGF lacking the N terminus is enriched in the detergent-insoluble fraction that includes the matrix and in the conditioned media. Furthermore we present the first evidence that CTGF N-terminal and C-terminal domains are detected in separate vesicles distal from the Golgi apparatus, only some of which have endosomal markers. Our data support the hypothesis that fibroblasts generate different forms of CTGF and that each form may be responsible for a particular profibrotic effect. In addition, since we demonstrated that extracellular CTGF does not overlap with focal adhesions, we suggest that CTGF signaling in HCFs may be initiated through interaction with other surface molecules not primarily localized in focal adhesions.
MATERIALS AND METHODS

Reagents
TGF-␤1 and Ϫ␤2 were obtained from R&D Systems, Inc. (Minneapolis, MN); fibroblast growth factor-2 (FGF) was from Invitrogen (Carlsbad, CA). Collagen was from Inamed Biomaterials (Fremont, CA); fibronectin and vitronectin were from Sigma (St. Louis, MO). Human CTGF antibodies (see Fig. 5A ) anti-mid-CTGF (14939 and control peptide; Santa Cruz Biotechnology, Santa Cruz, CA), anti-N-CTGF rabbit polyclonal antibody (p836), and anti-C-CTGF (p839) were provided by FibroGen, Inc. (San Francisco, CA), and mAb-anti-C-CTGF mouse monoclonal raised to amino acids 247 to 349 in the C terminus (MAB660) was from R&D Systems. Other commercial antibodies were as follows: anti-FAK (05-537; Upstate, Lake Placid, NY), anti-tubulin (T5168; Sigma), anti-vinculin (V-9131; Sigma), anti-collagen I (MCOLL1-abr; Research Diagnostics, Concord, MA), anti-␣-smooth muscle actin-Cy3 (C-6198; Sigma), anti-fibronectin (F-3648; Sigma), anti-p230 (611280; BD Biosciences, San Jose, CA), anti-COP (generously provided by Thomas Weber, Mount Sinai School of Medicine, New York, NY), anti-LRP (transmembrane domain; 5A6) (28320; Abcam, Cambridge, MA), anti-EEA1 (ab15846; Abcam), anti-␣ 5 ␤ 1 (MAB1999; Chemicon, Temecula, CA), and anti-␣ v ␤ 3 (B36, generously provided by Barry Coller, Rockefeller University, New York, NY).
Preparation of Human Corneal Fibroblast Cultures
Human corneas from donors between the ages of 22 and 65 and not suitable for transplantation were obtained from National Disease Research Interchange (Philadelphia, PA) or from the Lion's Eye Bank (Manhasset, NY). All human tissue was handled in accordance to the tenets of the Declaration of Helsinki. Corneal stroma was separated from the epithelium and endothelium and corneal fibroblasts (keratocytes) released as described in Bernstein et al. 24 The resultant corneal fibroblasts were amplified by culturing in DMEM/F-12 plus 10% FBS (Atlas Biologicals, Fort Collins, CO), ABAM (Sigma), and gentamicin (Gibco). Media were renewed every 2 to 3 days.
Cell Harvesting, Lysis, and Western Blot Analysis
Cultured HCFs were trypsinized and replated at approximately 50% to 80% confluence in culture dishes coated with either VN (1-10 g/mL), FN (10 g/mL), or CL (10 g/mL) in supplemented serum-free media (SSFM): DMEM/F-12 with ABAM, gentamicin, 1ϫ RPMI-1640 vitamin mix, 1 g/mL glutathione (Sigma), 1 mM sodium pyruvate, 0.1 mM MEM nonessential amino acids (Gibco), and ITS supplement (Sigma). 25 TGF-␤ (0.5 ng/mL) was used and consistently upregulated CTGF and ␣-SMA production; this concentration is within the range that induces the myofibroblast phenotype (0.25-1 ng/mL). 12,24,26 -28 To augment the fibroblast phenotype, FGF (10 ng/mL) and heparin (5 g/mL) were added. 27 Media with growth factors were replaced at 48 to 72 hours. To harvest and lyse cells, cells were detached with detachment buffer (250 mM sucrose, 10 mM Tris pH 7.6, 1 mM EDTA, 1 mM EGTA, 1ϫ protease inhibitor cocktail [Roche], 1 mM phenylmethylsulfonyl fluoride [PMSF] ), lysed in lysis buffer (140 mM NaCl, 10 mM Tris pH 7.6, 1 mM EDTA, 1% Triton X-100 [TX-100]), 0.05% sodium dodecyl sulfate, 1ϫ protease inhibitor cocktail, 1 mM PMSF), and incubated on ice for 20 minutes. Centrifugation at 13,000g for 12 minutes separated TX-100 -soluble fraction and TX-100 -insoluble pellet. The pellet was solubilized in 2% SDS sample buffer. Both Triton X-soluble and Triton X-insoluble fractions were subjected to SDS-PAGE (10%-15%) and Western blot transfer to PVDF membranes (Millipore, Bedford, MA). Membranes were probed with primary antibodies to CTGF, followed by peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch, West Grove, PA) and detection by enhanced chemiluminescence (Pierce, Rockford, IL). For protein normalization, the blots were stripped and reprobed with primary antibody to tubulin. Radiographs were quantified (Image Station 440CF; Eastman Kodak, Rochester, NY). Experiments were performed at least three times with similar results, and images of representative blots are shown. All subsequent experiments were conducted with cells plated on CL after we found that CTGF production was greater in that condition.
Reverse Transcription-Polymerase Chain Reaction
HCFs were plated onto CL-coated dishes in SSFM ϩ TGF-␤ 1 (0.5 ng/mL). The next day, extracted RNA (RNeasy Mini Kit; Qiagen, Valencia, CA) was evaluated by the Microarray Shared Research Facility at Mount Sinai School of Medicine (New York, NY), which follows a SYBR Green protocol for RT-PCR reactions using a thermocycler (Prism 7900HT; Applied Biosystems). Primers used were human CTGF forward (5Ј-TTGGCAGGCTGATTTCTAGG-3Ј) and reverse (5Ј-GGTG-CAAACATGTAACTTTTGG-3Ј).
Immunoprecipitation of CTGF from Conditioned Media
HCFs were plated onto CL in SSFM plus TGF-␤ (0.5 ng/mL). After 24, 48, or 72 hours, supernatants were harvested and frozen at Ϫ20°C. Conditioned media were precleared with Protein G beads. Anti-mid-CTGF or nonspecific IgG antibody (4 g) was prebound to Protein G beads, which were then added to the precleared media and incubated overnight at 4°C, followed by washing the beads once with IP buffer (150 mM NaCl, 25 mM Tris pH 7.4, 0.5% TX-100, and protease inhibitor cocktail) and three times with PBS. Sample protein was eluted from the beads by resuspension in 1ϫ SDS sample buffer and heating for 5 minutes at approximately 90°C, before separation by SDS-PAGE and Western blot detection.
Scrape Wounding of Cell Monolayers
HCFs were plated onto CL-coated coverslips in SSFM plus 0.2% FBS. After 6 to 8 hours, the monolayers were scraped and incubated in SSFM plus TGF-␤ (0.5 ng/mL) to which we added 0.5% FBS which supported a defined leading edge of the migrating fibroblasts without affecting TGF-␤ response. After 8 to 10 hours, coverslips were then processed for immunocytochemistry as described.
Immunocytochemistry
HCFs were fixed in 3% paraformaldehyde, permeabilized in 0.1% TX-100, and blocked in 0.1% BSA in PBS (PBSA) plus 3% normal serum. To provide a visual representation of the Triton X-100 -insoluble fraction (see description of Western blot protocol), HCFs on coverslips were incubated in prechilled 1% TX-100 on ice for 20 minutes, then washed, fixed, and blocked with 3% serum in PBSA, followed by incubation with primary and secondary antibodies (Alexa 488 and Alexa 568; Invitrogen) diluted in PBSA. Coverslips were stained with Hoechst 33342 (Sigma) and mounted. Microscopy was performed on a laser scanning confocal microscope (AxioPhot2 [Zeiss, Oberkochen, Germany]or TCS-SP [Leica, Wetzlar, Germany]) equipped with CCD cameras. Images were processed using image editing software (PhotoShop; Adobe, Mountain View, CA). Experiments were performed at least three times with similar results, and representative images are shown.
RESULTS
Modulation of CTGF Expression in Human Corneal Fibroblasts by TGF-␤ and FGF
Previous studies have shown that TGF-␤ is a major regulator of CTGF. 4, 12 The earlier studies were performed on cells cultured in the presence of serum, which has many cytokines, growth factors, and matrix molecules that confound the impact of TGF-␤ and specific matrix signals. To clarify the influence of TGF-␤ and of matrix, we performed the current studies on cells cultured in supplemented serum-free media and grown on defined matrix. HCFs grown on CL and treated with TGF-␤, FGF, or neither (control) were harvested after 8, 24, 48, and 72 hours. Cells treated with TGF-␤ for 24 hours produced more than fivefold full-length (M r ϳ 38 kDa) CTGF (containing domains I-IV) compared to non-treated controls (Figs. 1A, 1B respectively, arrowhead). TGF-␤-induced CTGF expression remained elevated over 72 hours. In contrast, FGF-treated cells had little detectable CTGF at 8 hours that was decreased further at 48 and 72 hours (Figs. 1A, 1B, and quantified in 1C).
RT-PCR analysis also demonstrated CTGF mRNA expression was regulated oppositely by these two growth factors. There was a linear relationship between TGF-␤ dose (0.001-1 ng/mL) and production of CTGF mRNA at 24 hours (Fig. 1D , dark bars), whereas FGF treatment (10 ng/mL) decreased CTGF mRNA compared with nontreated controls (Fig. 1D , light bar). These data confirm and extend the results from our studies on primary rabbit corneal fibroblasts. 12 We confirm that in HCFs, TGF-␤ stimulates, but FGF inhibits, the production of both CTGF mRNA and protein. Thus, unlike other growth factors that have been shown to transiently increase CTGF mRNA without increasing CTGF protein, 29, 30 we found that TGF-␤ induced an increase in CTGF protein levels over 72 hours.
Effect of Matrix on TGF-␤-Stimulated CTGF Production
After corneal wounding, fibroblasts in situ are exposed to a changing matrix that includes fibronectin (FN), vitronectin (VN), and collagen (CL). We plated HCFs onto FN, VN, or CL to determine whether signaling from these ECM components affects TGF-␤-induced CTGF production. Cells on CL synthesized about twice as much of the 38-kDa CTGF as cells on FN or VN ( Figs. 2A, arrowhead; 2B) , as detected by anti-mid-CTGF in Western blot analysis of equivalent amounts of TX-100 -soluble lysates. Thus, CL signals enhance TGF-␤-stimulated CTGF production by HCFs. In the TX-100 -insoluble fractions of these cells grown on the three different matrices, we immunodetected CTGF in comparable patterns suggesting that CTGF can accumulate on these matrices and is in a position to affect adhesion, migration, and signaling (Fig. 2C, arrowhead) .
A Novel 31-kDa Form of CTGF
We consistently detected a previously unreported M r ϳ31-kDa form of CTGF that was prominent in Western blot analysis of the TX-100 -insoluble fraction and was solubilized by sonicating in the presence of SDS (Figs. 1B, 2C, asterisk). We confirmed that all bands detected on Western blot analysis were derived from CTGF by preincubating the anti-CTGF antibody with a competing peptide (data not shown). In addition to the FIGURE 1. CTGF production by HCFs is stimulated by TGF-␤. HCFs were plated on collagen in SSFM only or with FGF or TGF-␤ for 8, 24, 48, and 72 hours. (A) Anti-mid-CTGF antibody detected a doublet of 36-to 38-kDa CTGF (38 kDa) in TX-100 -soluble lysates in Western blot analysis (arrowhead). Tubulin controls confirm equal loading. (B) Triton X-100 -insoluble fractions from HCFs at 24 hours were solubilized in 2% SDS buffer followed by sonication and SDS-PAGE and Western blot analysis. As with the soluble lysates, increased levels of CTGF were detected in the TGF-␤-treated cells and not from those treated with FGF or with no growth factor. In addition to the 38-kDa CTGF (arrowhead), a previously undescribed band at 31 kDa (asterisk) was strongly immunodetected in this fraction with anti-mid-CTGF antibody, as were other lower MWt bands (e.g., 24 kDa). novel 31-kDa band, we confirmed the presence of lower molecular weight CTGF forms previously reported. 4, 19, 20, 23, 31, 32 To visualize by immunocytochemistry CTGF in the TX-100 -insoluble fraction, HCFs were subjected to prolonged exposure of 1% TX-100 to release the TX-100 -soluble components before fixation (Figs. 3G-L), leaving behind the TX-100 -insoluble material, which was then immunodetected for CTGF and matrix proteins. TX-100 -insoluble CTGF was found in the ECM in a linear arrangement (Figs. 3G, 3J , arrowheads) that aligned with but did not overlap with FN (Figs. 3H, 3K , arrowheads) or with CL (Figs. 3I, 3L, arrowheads) . Furthermore, CTGF did not overlap with integrin ␣ 5 ␤ 1 (Fig. 4C) or ␣ v ␤ 3 (Fig. 4D) , nor did it overlap with FAK ( Fig. 4A) or vinculin (Fig. 4B) , which mark integrin-rich focal adhesions by which cells adhere to CL, FN, and VN. Figures 3 and 4 together suggest that TX-100 -insoluble extracellular CTGF did not bind to the integrins that bind to FN and CL. In fixed cells briefly permeabilized with 0.1% TX-100 after fixation, CTGF was immunodetected in the Golgi apparatus, as shown previously 21 (Figs. 3A, 3D ). Given that CTGF is known to have a single transcript and to lack alternative spliced forms, 33 it is likely that 31-kDa CTGF arises from the proteolytic cleavage and release of either N-or C-terminal portions from the full-length CTGF. To distinguish between N-and C-terminal cleavage, we used antibodies to epitopes in the two terminal domains, anti-N-CTGF against amino acid residues 36 to 42 in domain I and anti-C-CTGF against amino acid residues 329 to 343 in domain IV. In addition, we used another CTGF antibody, anti-mid-CTGF against amino acid residues 175 to 225, composing the hinge between domains II and III (Fig. 5A) . TX-100 -soluble lysates from cultures of HCFs grown on CL in SSFM plus TGF-␤ were subjected to Western blot analysis (Fig. 5B) . All three antibodies detected the full-length forms of CTGF (Fig.  5B, arrowheads) . The N-terminal antibody did not detect 31-kDa CTGF, suggesting that the 31-kDa fragment lacks the N-terminal epitope (both light and dark exposures were analyzed). Anti-mid-CTGF and anti-C-CTGF detected a prominent band at 31 kDa (Fig. 5B, asterisks) . Furthermore, reprobing with the anti-mid-CTGF antibody revealed the presence of a 31-kDa band on the anti-N-CTGF blot (data not shown).
Similarly, in TX-100 -insoluble fractions, anti-N-CTGF did not detect a 31-kDa form, whereas anti-mid-CTGF and anti-C-CTGF did (Fig. 5C, asterisks) . Each of the antibodies detected lower molecular weight CTGF bands that have been previously described, though not in identical patterns, suggesting that these smaller forms lack various CTGF domains.
To identify which CTGF forms were secreted into the media, we immunoprecipitated conditioned media after 72 hours of TGF-␤ treatment using the anti-mid-CTGF antibody. The 38-kDa CTGF (Fig. 5D, arrowhead) and 31-kDa CTGF (Fig. 5D , asterisk) forms were detected along with a 20-kDa form, consistent with reports of CTGF cleavage products in vivo that are composed of one or more of its modules/domains. 19 -22 The relative proportion of 38-kDa and 31-kDa CTGF is reversed compared with that of cell lysates (compare Fig. 5D with Figs. 5B and 5C), consistent with the hypothesis that little full-length CTGF exists in the extracellular space because it has been processed to smaller forms. 
(C) In TX-100 -insoluble fractions of lysates of HCFs grown on FN, VN, or CL, anti-mid-CTGF immunodetected 38-kDa CTGF (arrowhead).
Novel 31-kDa form of immunodetectable CTGF was enriched in the TX-100 -insoluble fraction in cells grown on all three matrices (asterisk). Because we loaded these lanes based on equal sample volume rather than protein concentration, quantitative comparisons cannot be made. Previously described 24-kDa and 18-to 20-kDa CTGF bands were also detected.
FIGURE 3.
Organization of CTGF with fibronectin or collagen. HCFs grown on FN-coated or CL-coated coverslips in SSFM plus TGF-␤ for 24 hours were fixed and then permeabilized with 0.1% TX-100 for 1.5 minutes in a standard immunocytochemical protocol (A-F). To "visualize" the TX-100 -insoluble fraction, the coverslips were permeabilized with 1% TX-100 on ice for 20 A-F) is absent after the prolonged and stronger TX-100 permeabilization (G-J). Scale bars, 10 m.
minutes before fixation (G-L). (A-C, arrows) CTGF (red) detected in the ER/Golgi that does not colocalize with intracellular regions of FN (green) enrichment (arrowheads). (D-F) Juxtanuclear ER/Golgi (arrows) in which detectable CTGF (red) and CL (green) overlap (yellow). (G-L) CTGF (red) was detected in linear arrangement outside of cells (G, J, arrowheads) and aligned with fibrillar FN (H, I, arrowheads) or fibrillar CL but did not colocalize with either (K, L, arrowheads). Vesicular and Golgi-localized CTGF staining (seen in
Immunocytochemical Localization of CTGF N-terminal and C-terminal Forms
To complement the Western blot data and to provide clues to the localization of sites of CTGF processing, we used a scrapewounding model to maximize new CTGF secretion and immunodetected with the same three CTGF antibodies. All three antibodies localized in cytoplasmic vesicles proximal to the Golgi apparatus (Figs. 6A, 6B , 6E, 6F, arrows). Anti-mid-CTGF and anti-C-CTGF colocalized in the Golgi apparatus (Figs. 6A-C, arrowheads) and with p230, which localizes in the trans-Golgi network (Figs. 6M, 6O, arrowheads) . Anti-N-CTGF did not colocalize with the Golgi apparatus or the trans-Golgi network (Fig. 6N) . The complete colocalization in the Golgi for anti-mid-CTGF and anti-C-CTGF suggested that both of their epitopes were readily accessible at that point (Figs. 6C, 6D , yellow). Although anti-N-CTGF did not label Golgi lamellae, it did label Golgi-proximal vesicles (Fig. 6H, arrowheads) , suggesting that the N-terminal domain of CTGF was not accessible to antibody detection in the lamellae, possibly because of a secondary structure. This possibility was supported by the fact that the anti-N-CTGF antibody detected 38-kDa CTGF in Western blot analysis (Fig. 5B ) run under denaturing, reducing conditions. Vesicles distal from the Golgi typically stained with either anti-C-CTGF or with anti-N-CTGF, but not both (Figs. 6I-L, arrows and brackets). Furthermore, the distal vesicles did not stain with anti-mid-CTGF (Figs. 6C, 6H , arrows and brackets). We conclude that the epitope recognized by anti-mid-CTGF (in the CTGF linker region and domain III) was intact in the initial compartments of the secretory pathway but not in the distal vesicles.
Immunocytochemical Detection of CTGF with Endocytic Markers
Chen et al. 21 provided biochemical evidence that CTGF is taken up and degraded in endosomes, 21 and they immunolocalized CTGF only in the Golgi, not in vesicles. In our study, we used the more sensitive confocal microscopy and CTGF domain-specific antibodies in conjunction with antibodies to endosomal markers and were successful in detecting CTGF in endosomes (Fig. 7) . We colocalized CTGF in endosomal vesicles identified by antibodies to low-density lipoprotein receptor-related protein (LRP), a scavenger receptor reported to bind CTGF 34, 35 (Figs. 7A-F) and to the early endosome antigen (EEA1) (Figs. 7G-M) . These endosomal markers were immunodetected in vesicles throughout the cell body and adjacent to the Golgi apparatus. Overlay images showed three patterns of vesicular costaining of CTGF and LRP or EEA1 antibodies, better seen after magnification of the boxed regions within these images (Figs. 7B,  7D, 7F, 7H, 7J, 7L, 7M ). In the first pattern, colocalization of CTGF and LRP or EEA1 is indicated by yellow vesicles. In the second pattern, two adjacent vesicles (arrowheads), red from CTGF antibody and green from LRP or EEA1 antibody (sometimes with a yellow region of partial colocalization) produced a "traffic light" pattern. The traffic light pattern was not the result of nonalignment of images because the orientation of red to green vesicles was random. In the third pattern, vesicles (arrows) were stained only with CTGF antibody (red) or with LRP or EEA1 antibody (green), indicating no overlap of contents. In summary, this is the first immunodetection of CTGF in endocytic vesicles. Because many of the CTGF-containing vesicles do not have endosomal markers, they may represent vesicles in the secretory pathway.
DISCUSSION
In this study, we confirmed in HCFs that CTGF production is regulated by two opposing growth factors: TGF-␤ stimulates and FGF inhibits CTGF production. Additionally, we report that TGF-␤-induced CTGF production was enhanced by plating on CL more than on FN or VN. Through detergent-based fractionation and Western blot analyses, we detected a novel 31-kDa form of CTGF that was highly enriched in the TX-100 -insoluble fraction of HCF lysate and was also immunoprecipitated from conditioned media. This 31-kDa form lacks the extreme N-terminal portion of CTGF and is likely a product of posttranslational modification.
We have identified the impact of matrix on the induction of CTGF secretion by growing the cells on a specific matrix in the absence of serum. Previous studies were performed in the presence of serum, containing growth factors, cytokines, and matrix components that had masked the impact of matrix. 4, 12, 14 The influence of matrix tractional forces on the cells through an impact on cytoskeletal organization is consistent with the report that RhoA signaling modulates CTGF expression. 36, 37 Our present finding that CL enhances TGF-␤-stimulated CTGF production by HCFs plated on CL, more than on FN or VN, is significant because the matrix early after wounding is largely the collagen of the quiescent corneal stroma (types I and V). 38 The "stiffness" of collagen promotes traction, sug- gesting that a positive feedback system could contribute to fibrosis in which CTGF stimulates collagen production by fibroblasts 39 and collagen enhances CTGF production. In normal healing, CTGF stimulation of fibronectin production 39 by activated fibroblasts contributes to a "provisional" or "repair" ECM (which includes fibronectin, fibrin, and tenascin), a matrix that also supports TGF-␤ induction of CTGF. Experiments are under way to evaluate CTGF production and processing by HCFs in a three-dimensional environment. 40 The 31-kDa form of CTGF we detected in the Triton X-100 -insoluble fraction of TGF-␤-treated corneal fibroblasts has not been previously reported. It is likely that it results from proteolysis of the full-length CTGF because no alternatively spliced forms of CTGF (CCN2) have been found, although alternative spice forms of CCN1 and CCN5 have been discovered. 33 Proteolytic generation of individual CTGF domains from full-length could occur through ECM metalloproteases upregulated by TGF-␤ treatment, 41 endosomal hydrolases, 21 or proteases in the secretory pathway. 42 Arguing against extracellular protease activity after CTGF secretion are our findings that the generation of 31-kDa CTGF was not prevented by a battery of broadspectrum protease inhibitors in the culture media that we had previously found effective in preventing extracellular proteolysis of uPAR in HCFs (data not shown). 24 This is not conclusive because there may be other extracellular proteases involved for which we lack inhibitors. Arguing against endosomal hydrolysis as the mechanism of CTGF proteolysis was our finding that 31-kDa CTGF was generated in spite of chloroquine treatment, which inhibits lysosomal hydrolases (data not shown). 21 However, we did find by immunocytochemistry that CTGF colocalizes in vesicles with endocytic markers, thus visualizing on a cellular level confirmation of the biochemical data for CTGF endocytosis. 21 Because vesicles stain with antibodies to N-terminal or C-terminal CTGF epitopes, separate from each other and from those stained with antibody to the central epitope, it is likely that each of the regions of CTGF can be endocytosed separately and, therefore, may be proteolyzed before endocytosis. It is notable that there are many vesicles that stain for only C-terminal or N-terminal CTGF and do not have detectable endosomal markers. This is consistent with the possibility that smaller versions of CTGF, such as 31-kDa CTGF, could arise from proteolytic processing in the exocytotic pathway by a subtilisin-like pro-protein convertase, demonstrated with secreted FGF23 processing. 43 More experiments will be necessary to firmly establish the enzymes and the site of generation of 31-kDa CTGF.
Our Western blot data suggest that after the N terminus is released, much of the cell-associated 31-kDa CTGF is matricellular (Triton X-100 -insoluble). The association observed with FN may involve the reported molecular interaction with CTGF domain 4. 44, 45 Furthermore, the release of the N terminus is consistent with a newly developed ELISA based on the detection of amino terminal fragments of CTGF in plasma or vitreous as predictive of the severity of fibrotic disease. 46 We do not know the impact on signaling of a CTGF molecule that is composed of domains II, III, and IV. In previous investigations of cell adhesion and signaling, in which CTGF fragments were tested, 17,18 domain 4 promoted cell adhesion, 16 and the Cterminal half promoted fibroblast proliferation. 17 Given that 31-kDa CTGF includes the C-terminal half, it could promote the increase of the local fibroblast population, thereby contributing to the expansion of fibrotic lesions.
The mechanism of signaling from CTGF has been under active investigation. CTGF is known to be a "sticky" protein and reportedly binds with cell surface receptors, including integrins ␣ 4 ␤ 1 , ␣ 5 ␤ 1 , 47 ␣ 6 ␤ 1 , 48 and ␣ v ␤ 3 . 5 (Recent studies have shown that CTGF also binds to aggrecan. 49 ) However, we could not colocalize CTGF with the previously suggested CTGF integrin partners ␣ 5 ␤ 1 and ␣ v ␤ 3 , and we did not find colocalization between CTGF and vinculin or FAK, which are components of integrin-based focal adhesions. Of particular interest, we found a previously unreported ECM organization: immunodetectable CTGF was arranged parallel to linear arrays of FN or CL. This organization of matrix-associated CTGF is consistent with the recent report that cultured human corneal fibroblasts assemble their ECM into parallel arrays 40 and suggests that CTGF may interact with FN or CL (through additional binding partners) as a component of the provisional ECM. We were able to clearly visualize this matrix-associated CTGF organization by prolonged TX-100 exposure before fixation, though it was also detectable after brief permeabilization of fixed cells with a low concentration of TX-100. Thus, although it is likely that integrin signaling from collagen in the matrix enhances the TGF-␤ induction of CTGF, the effect of CTGF may not be directly integrin dependent.
In conclusion, our studies have facilitated identification of the impact of ECM on the generation of CTGF, discovery of a new form of CTGF that may be associated with fibrosis rather than healing, and realization that CTGF may have its impact through nonintegrin signaling pathways. Future studies exploring the impact 31-kDa CTGF and how it is generated will help us determine whether this is a target for antifibrotic intervention.
